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ABSTRACT
The immunoproteasome, a special class 
of the proteasome, is mainly expressed 
in cells of haematopoietic origin. Ad-
ditionally, during inflammation, the im-
munoproteasome is induced by IFN-γ 
or TNF-α. In recent years it became 
apparent that the immunoproteasome 
has important functions other than 
processing proteins for MHC class I 
restricted presentation. The immuno-
proteasome plays a critical role in T 
cell expansion, cytokine production, 
and T helper cell differentiation. Inhi-
bition of the immunoproteasome ame-
liorated disease symptoms in different 
animal models for autoimmune diseas-
es. Hence, the unique role for LMP7 
in controlling pathogenic immune re-
sponses provides a therapeutic ration-
ale for targeting LMP7 in autoimmune 
disorders. In this review we summarise 
the effect of immunoproteasome inhibi-
tion in animal models for rheumatoid 
arthritis, inflammatory bowel disease, 
Hashimoto’s thyroiditis, systemic lupus 
erythematosus, and multiple sclerosis.

Introduction
The proteasome is the central non-
lysosomal protein degrading machine 
in the cytoplasm and nuclei of all eu-
karyotic cells. The 20S proteasome is 
a barrel-shaped complex of four rings 
with seven subunits each. The outer 
two rings consist of α subunits, the 
inner two rings of β subunits forming 
the central proteolytic chamber (1). 
The β subunits β1, β2, and β5 bear 
the catalytically active centers of the 
20S proteasome. The proteasome is 
in charge of degrading key proteins in 
metabolism, cell cycle control, and cell 
differentiation and has turned out to be 
an effective target in the treatment of 
relapsed and/or refractory myeloma 
and mantle cell lymphoma (2). Addi-
tionally, the proteasome is responsi-
ble for the generation of most ligands 

presented on major histocompatibility 
complex class I molecules (MHC-I) 
(3, 4). In cells treated with interferon 
(IFN)-γ and tumour necrosis factor 
(TNF)-α or in cells of haematopoietic 
origin the constitutive catalytic subu-
nits β1c, β2c, and β5c are replaced by 
the inducible subunits low molecular 
mass polypeptide (LMP)2 (β1i), mul-
ticatalytic endopeptidase complex-like 
(MECL)-1 (β2i), and LMP7 (β5i), re-
spectively, building the so-called im-
munoproteasome. The past two dec-
ades of immunoproteasome research 
have yielded a host of evidence that the 
immunoproteasome shapes MHC-I an-
tigen processing and presentation and 
by this means also the T cell repertoire 
(5-12). In recent years, it became evi-
dent that the immunoproteasome has 
apart from its role in antigen process-
ing additional functions in expansion 
and survival of T cells (5, 7, 13, 14), in 
T helper cell differentiation (15, 16), in 
brain inflammation (17, 18), in inflam-
matory cytokine production (10, 15, 
18, 19), and in autoimmune diseases 
(15, 18-23) (Fig. 1).
The proteasome, as a key player in 
cell cycle progression and immune 
response, is a promising drug target. 
However, by blocking both types of 
proteasomes, the constitutive and the 
immunoproteasome, all approved 
drugs exhibit severe toxicity. There-
fore, novel proteasome inhibitors 
preferentially targeting subunits of the 
immunoproteasome were developed 
(15, 24-30). Additionally, the recently 
solved crystal structures of the consti-
tutive proteasome and immunoprotea-
some at 2.9 Å resolution allows the 
structure-guided design of inhibitory 
lead structures selective for immuno-
proteasomes (1). Immunoproteasome 
selective inhibitors are targeting the 
proteasome activity at the site of in-
flammation and, therefore, the protea-
some activity required for housekeep-
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ing functions at other sites in the body 
is not affected. This also explains the 
lacking side effects of immunoprotea-
some inhibitors in mice compared to 
broad-spectrum proteasome inhibitors 
(15, 18, 19, 22). Hence, the immuno-
proteasome may qualify as a new treat-
ment option to prevent the progression 
of autoimmune diseases.

The immunoproteasome in 
autoimmune diseases
The immunoproteasome has recently 
been shown to be involved in the patho-
genesis of autoimmune diseases and 
in the modulation of T helper cell dif-
ferentiation (31). Selective inhibition 
of the LMP7 (β5i) subunit of the im-
munoproteasome ameliorated clinical 
symptoms in mouse models of rheu-
matoid arthritis (15), multiple sclero-
sis (18), systemic lupus erythematosus 
(22), inflammatory bowel disease (19), 
diabetes (15), and Hashimoto’s thy-
roiditis (23) (Fig. 1). Moreover, LMP7 
inhibition or deficiency was shown to 
suppress the differentiation of the pro-
inflammatory T helper subtypes Th1 
and Th17 while it enhances the genera-
tion of anti-inflammatory regulatory T 
cells (Tregs) in vitro (summarised in 
(31)). Furthermore, selective inhibition 
of the immunoproteasome was found 
to negatively regulate the production 
of pro-inflammatory cytokines like IL-
6, IFN-γ, TNF-α, GM-CSF, and IL-23 
(15, 18). 

Experimental rheumatoid arthritis
Initially, the therapeutic impact of 
LMP7 inhibition has been demonstrat-
ed in two mouse models of rheumatoid 
arthritis: collagen antibody–induced 
arthritis (CAIA) and collagen-induced 
arthritis (CIA) (15). In the CAIA 
model, a T cell-independent rheuma-
toid arthritis model, the mice were 
challenged with antibodies to type II 
collagen and endotoxin. Thereby, the 
LMP7-selective inhibitor ONX 0914 
(formerly named PR-957) blocked dis-
ease progression in a dose-dependent 
manner. Inhibition of LMP7 alone was 
sufficient to block disease progres-
sion, as evidenced by the therapeutic 
response to ONX 0914 administered 
at 2 mg/kg body weight, that is, less 

than one-tenth of the maximal toler-
ated dose (MTD). Anti-inflammatory 
responses induced by ONX 0914 were 
rapid and long lasting. A single dose, 
administered either intravenously or 
subcutaneously, resulted in marked 
amelioration of disease. Inflammatory 
infiltration and subsequent bone ero-
sion were significantly decreased in 
ONX 0914 treated mice. Compared to 
anti-TNF-α therapy (etanercept), ONX 
0914 treated mice demonstrated a more 
rapid resolution of clinical symptoms. 
Similar to the CAIA model, ONX 0914 
treatment induced a rapid therapeutic 
response in the T and B cell-dependent 
CIA model, in which arthritis is in-
duced with immunisation of mice with 
type II collagen (15). Immunoprotea-
some inhibition was associated with 
a decrease in circulating levels of au-
toantibodies and collagen oligomeric 
matrix protein (COMP), a marker for 
cartilage breakdown. ONX 0914 stabi-
lised disease symptoms and was more 
effective than etanercept. In contrast 
to ONX 0914, TNF-α blockage could 
not reduce autoantibody levels. Simi-
lar findings in lymphocyte-dependent 
and lymphocyte-independent models 
of rheumatoid arthritis were observed, 
arguing that ONX 0914 modulates the 
activity of multiple effector cell types 
in these disease models. Indeed, ONX 
0914 inhibits both T cell and monocyte 
functions in vitro, as seen by altered 
cytokine release of T cells or mono-
cytes (15, 18). ONX 0914 treatment of 
human PBMCs derived from patients 
diagnosed with active rheumatoid ar-
thritis (RA), blocked IL-23 production 
and TNF-α secretion in immune cells 
of these patients, suggesting that LMP7 
activity in these cells regulates inflam-
matory cytokine production in cells 
from both, healthy volunteers and pa-
tients with active RA (15).

Inflammatory bowel disease
Inflammatory bowel disease (IBD) re-
fers to a group of chronic inflammatory 
disorders of the gastrointestinal tract. It 
has been demonstrated that pharmaco-
logical inhibition with the proteasome 
inhibitor bortezomib reduced colitis 
development in a rat (32) and a mouse 
(21) colitis model. Furthermore, block-

age of the immunoproteasome subunit 
LMP7 by the LMP7-selective inhibitor 
ONX 0914 strongly reduced patho-
logical symptoms of dextran sulfate 
sodium (DSS)-induced colitis in mice, 
as determined by weight loss and co-
lon length (19). Production of numer-
ous cytokines in ONX 0914 treated 
mice was suppressed, resulting in re-
duced inflammation and tissue destruc-
tion. Interestingly, administration of a 
β5c-selective inhibitor had no effect 
on colitis severity, indicating that the 
reduction of pathological symptoms 
observed in bortezomib treated mice 
is only dependent on LMP7 (21). Simi-
lar to ONX 0914 treated mice, induc-
tion of colitis by oral administration of 
DSS in the drinking water of LMP2-, 
LMP7-, and MECL-1-deficient mice 
revealed a partial to complete protec-
tion of these mice compared to WT 
mice (16, 19-21). Both, infiltration of 
the colon by neutrophils and expan-
sion of inflammatory T helper 1 (Th1) 
and Th17 T cells was diminished in 
LMP7-deficient mice thereby prevent-
ing excessive tissue damage (16, 21). 
Interestingly, experiments with bone 
marrow chimeras revealed that cells of 
the haematopoietic system are respon-
sible for the protective effect in LMP7-
deficient mice (21).

Hashimoto’s thyroiditis and 
Graves’ disease
Hashimoto’s thyroiditis and Graves’ 
disease are two autoimmune thyroid 
diseases. Grave’s disease is an autoan-
tibody-mediated disease where class 
II antigen presentation to CD4+ cells 
is crucial for stimulating B cells and 
inducing the pathogenic stimulatory 
anti-thyrotropin receptor (TSHR) au-
toantibodies. In contrast, Hashimoto’s 
thyroiditis is cell-mediated, where 
MHC class I and II antigen presenta-
tion involving CD4+ and CD8+ T cells 
is relevant to the generation of anti-
gen-specific cytotoxic T lymphocytes. 
Recently, the efficacy of the immuno-
proteasome inhibitor ONX 0914 for 
the treatment of autoimmune thyroid 
diseases was investigated using mouse 
models of cell-mediated Hashimoto’s 
thyroiditis and autoantibody-mediated 
Graves’ hyperthyroidism (23). Autoim-
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mune thyroiditis in mice was induced 
by iodine administration. Intraperito-
neal injection of ONX 0914 dosed be-
tween 2 and 25 mg/kg twice a week in-
hibited the development of thyroiditis 
in a dose-dependent manner. However, 
its effect on anti-thyroglobulin (Tg) 
autoantibody titres was less evident, 
with significant suppression observed 
only with 25 mg/kg ONX 0914, a dose 
slightly below the MTD of 30 mg/kg. 
A significant decrease in thyroiditis 
scores but not in anti-Tg antibodies 
was also observed in mice treated with 
25 mg/kg ONX 0914 in a therapeutic 
setup. Nevertheless, one can assume 
that at the used concentration of 25 
mg/kg also the constitutive proteasome 
is at least partially blocked. The effect 
of ONX 0914 was also evaluated in a 
model for Graves’ disease involving 
immunisation of susceptible BALB/c 
mice with Ad-TSHR289, a non-repli-
cative recombinant human adenovirus 
expressing the human thyrotropin re-
ceptor (TSHR) A-subunit which ef-
ficiently induces hyperthyroidism and 
thyroid-stimulating antibodies. How-
ever, different ONX 0914 application 
regimens revealed no effect of LMP7 
inhibition on Graves’ disease (23). The 
authors hypothesised that ONX 0914 

efficacy is higher in Hashimoto’s thy-
roiditis compared to Graves’ disease 
because this compound primarily sup-
presses MHC class I-mediated, i.e. 
cell-mediated autoimmune responses. 
Nevertheless, the therapeutic effect of 
ONX 0914 indicates that other mecha-
nisms independent of antigen presenta-
tion, like cytokine release or T helper 
cell differentiation, play an additional 
role in this model. 

Systemic lupus erythematosus-like 
disease
Systemic lupus erythematosus (SLE) is 
a complex autoimmune disease charac-
terised by a dysregulation of multiple 
arms of the immune system and pro-
duction of IFN-α and hallmark autoan-
tibodies. Proteasome inhibition blocks 
anti-apoptotic nuclear factor kappa B 
(NF-κB) activation leading to an accu-
mulation of misfolded proteins within 
the endoplasmic reticulum (33). Due to 
their extremely high rate of antibody 
synthesis, plasma cells are particu-
larly sensitive to proteasome inhibi-
tion. Indeed, treatment of two mouse 
strains with lupus-like disease, NZB/W 
F1 and MRL/lpr mice, with the broad 
spectrum proteasome inhibitor borte-
zomib depleted plasma cells producing 

antibodies to double-stranded DNA, 
eliminated autoantibody production, 
ameliorated glomerulonephritis, and 
prolonged survival (34). To investi-
gate whether bortezomib induces clini-
cally relevant plasma cell depletion in 
patients with active, refractory SLE, 
twelve patients were treated with bort-
ezomib in a clinical trial (35). Strik-
ingly, upon proteasome inhibition, dis-
ease activity was reduced and so were 
serum antibody levels. Bortezomib re-
duced the numbers of plasma cells in 
the peripheral blood and bone marrow. 
These results indicate that bortezomib 
is clinically effective in refractory 
SLE, but this needs to be confirmed 
in controlled trials. Nevertheless, to 
overcome resistance to bortezomib 
and to use proteasome inhibitors with 
improved pharmacological and toxi-
cological profiles, the investigation 
of immunoproteasome inhibitors in 
animal models of SLE is warranted. 
Indeed, treatment of lupus-prone mice 
with the immunoproteasome-selective 
inhibitor ONX 0914 prevented dis-
ease progression and treatment of mice 
with established disease attenuated 
nephritis (22). Levels of total IgG and 
anti-dsDNA IgG antibody in the serum 
declined during treatment and cor-

Fig. 1. Immunoproteasome 
inhibition in autoimmune 
diseases. Inhibition of the 
immunoproteasome subu-
nit LMP7 (β5i) in animal 
models for autoimmune 
diseases protects against 
diabetes (15), inflammatory 
bowel disease (19), multiple 
sclerosis (18), rheumatoid 
arthritis (15), Hashimoto’s 
thyroiditis (23), and sys-
temic lupus erythematosus 
(22). For each disease the 
investigated animal model 
and the effect in immuno-
proteasome-deficient mice 
is outlined. 
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related with a decrease in plasma cell 
numbers in spleen and bone marrow 
even after short-term treatment. Fur-
thermore, Ichikawa et al. demonstrated 
that LMP7 inhibition blocked the pro-
duction of IFN-α by TLR-activated 
plasmacytoid dendritic cells (PDC) in 
vitro and in vivo, an effect mediated by 
inhibition of both, PDC survival and 
PDC function (22). Taken together, 
inhibition of the immunoproteasome 
prevents lupus disease progression by 
targeting two critical pathways in SLE, 
namely, type I IFN activation and au-
toantibody production by plasma cells.

Experimental autoimmune 
encephalomyelitis
Experimental autoimmune encephalo-
myelitis (EAE) is an animal model for 
multiple sclerosis (MS) which shares 
clinical and pathological features with 
this complex chronic immune-mediat-
ed disease of the central nervous system 
in humans. In this model, sensitisation 
with central nervous system (CNS) an-
tigens breaks immunological tolerance 
of autoreactive T cells, enabling them 
to cross the blood-brain barrier and 
induce brain inflammation. Recently, 
the effect of the immunoproteasome 
in this autoimmune disease model was 
thoroughly investigated (18). Immuno-
proteasome inhibition with the LMP7-
selective inhibitor ONX 0914 attenu-
ated disease progression after active 
and passive induction of EAE, both in 
myelin oligodendrocyte glycoprotein 
(MOG)35-55- and proteolipid protein 
(PLP)139-151-induced EAE (18). Isola-
tion of lymphocytes from the brain or 
spinal cord revealed a strong reduction 
of cytokine-producing CD4+ cells in 
ONX 0914 treated mice. An analysis of 
draining lymph nodes after induction 
of EAE revealed that the differentiation 
to Th1 or Th17 cells was strongly im-
paired in ONX 0914 treated mice. Iso-
lation of lymphocytes from the brain or 
the spinal cord at the peak of the dis-
ease demonstrated barely any detection 
of IL-17, IFN-γ, TNF-α, or GM-CSF 
producing CD4+ cells in ONX 0914 
treated as compared to vehicle treated 
mice. T cell-derived GM-CSF sustains 
neuroinflammation via myeloid cells 
that infiltrate the CNS, and IL-23 is 

necessary for the induction of EAE in 
mice due to its role in the maintenance 
of Th17 cells (36, 37). ONX 0914 re-
duced GM-CSF production of acti-
vated mouse T cells under GM-CSF 
polarising and non-polarising condi-
tions and of human PBMCs stimulated 
via the T cell receptor (18). Using bone 
marrow chimeras, the authors could 
demonstrate that the effect of ONX 
0914 treatment relies on the selective 
inhibition of LMP7 in cells derived 
from the haematopoietic system. In-
terestingly, EAE induction in immuno-
proteasome-deficient mice is similar to 
wild type mice (18, 38, 39). The ques-
tion why an LMP7-selective inhibitor 
is so effective in attenuating symptoms 
of EAE while LMP7-deficient mice 
are susceptible to the disease was ad-
dressed by inducing EAE in LMP7-
deficient mice which were treated with 
PR-825, a selective inhibitor of β5c 
(18). While the β5c-selective inhibitor 
PR-825 failed to prevent disease induc-
tion in wild type mice, LMP7-deficient 
mice treated with the same inhibi-
tor were almost completely protected 
from MOG35–55-induced EAE. Hence, 
the ablation of the chymotrypsin-like 
activity of the proteasome, exerted 
by β5c and/or β5i, is responsible for 
the observed beneficial effects of the 
LMP7-selective inhibitor ONX 0914 in 
EAE. It seems that the cells responsible 
for the induction of EAE express high 
levels of immunoproteasomes and in-
hibition of LMP7 (β5i) abrogates their 
proteasomal chymotrypsin-like activ-
ity to a degree which interferes with 
their pathogenic activity. Consecutive 
episodes of remission and relapse are 
hallmarks of MS in the majority of pa-
tients. Strikingly, ONX 0914 treatment 
also prevented disease exacerbation 
in a relapsing-remitting EAE model. 
LMP7 inhibition ameliorated a relapse 
when treatment started in the recovery 
phase after the first wave of symptoms 
(18). Hence, LMP7 inhibition may 
qualify as a new treatment option to 
prevent the progression of autoimmune 
diseases like MS.

Conclusions
The LMP7-selective inhibitor ONX 
0914 is the first proteasome inhibitor 

described that is selective for the chy-
motrypsin-like subunit of the immuno-
proteasome and represents a powerful 
tool for understanding the role of LMP7 
in immune responses. Indeed, the thera-
peutic impact of ONX 0914 in mouse 
models of rheumatoid arthritis, inflam-
matory bowel disease, Hashimoto’s thy-
roiditis, systemic lupus erythematosus, 
diabetes, colitis, and multiple sclerosis 
is intriguing (Fig. 1). Why is LMP7 in-
hibition so efficient in reducing disease 
symptoms in these pre-clinical animal 
models? Two major pathways involved 
in disease development are affected by 
LMP7 inhibition, namely cytokine se-
cretion and T helper cell differentiation. 
LMP7 inhibition of TCR activated T 
cells and endotoxin stimulated human 
PBMCs or mouse splenocytes strongly 
reduced the secretion of numerous pro-
inflammatory cytokines (10, 15, 18, 
19, 22). Additionally, LMP7 inhibition 
prevents the differentiation of naïve T 
helper cells to polarised Th1 or Th17 
cells in vitro (15, 16). Furthermore, 
generation of TCR stimulated T cells 
under GM-CSF polarising conditions is 
strongly inhibited by ONX 0914 (18). 
GM-CSF is a potent pro-inflammatory 
cytokine that is responsible for the re-
cruitment, maturation, and activation 
of innate immune cells. In this regard, 
GM-CSF production by T cells has been 
associated with several autoimmune 
diseases, such as multiple sclerosis and 
rheumatoid arthritis. The relevance of 
the IL-23/IL-17 axis in the pathogene-
sis of autoimmunity is well established. 
By blocking cytokine secretion, like 
IL-23 or IL-6 production (15, 18, 19), 
LMP7 inhibition could influence Th17 
differentiation. How can LMP7 inhi-
bition affect cytokine secretion and T 
helper cell polarisation? Recently, we 
proposed that the immunoproteasome 
might selectively processes a factor that 
is required for regulating cytokine pro-
duction and T helper cell differentiation 
(31). Nevertheless, such a factor has 
not been identified so far. The recent 
observation that similar to LMP7 inhi-
bition in wild type mice, β5c inhibition 
in LMP7-deficient mice ameliorates 
EAE argues against a factor selectively 
processed by the immunoproteasome 
(18). Additionally, cytokine secretion 
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can be inhibited with a β5c selective 
inhibitor in LMP7-deficient cells (19). 
Hence, it rather seems that the activa-
tion of immune cells is impaired in cells 
containing proteasomes with blocked 
chymotrypsin-like activity. Bortezomib 
inhibits NF-κB activation by blocking 
the degradation of the NF-κB inhibitor 
(IκB), leading to reduced expression of 
pro-inflammatory factors, such as cy-
tokines. This implies that the observed 
effects in multiple models of autoim-
mune diseases might be due to an in-
hibition of the NF-κB pathway. Never-
theless, LMP7-blockage does not inhib-
it NF-κB activity in a reporter cell line 
at selective concentrations, suggesting 
that LMP7 regulates cytokine produc-
tion via NF-κB–independent pathways 
(15). Thus, the mechanism how the 
blockage of the chymotrypsin-like activ-
ity of the proteasome alters cytokine se-
cretion and T helper cell differentiation 
remains to be elucidated. Interestingly, 
immunoproteasome-deficient mice are 
protected from DSS-induced colitis. 
Hence, in this autoimmune model a 
different, immunoproteasome-specific 
mechanism must enable protection from 
the disease.
The promising results obtained in pre-
clinical autoimmune models render the 
immunoproteasome an interesting drug 
target for the treatment of autoimmune 
diseases in humans and a transfer of 
immunoproteasome-selective inhibitors 
into the first clinical trials is highly war-
ranted.

References 
  1. HUBER EM, BASLER M, SCHWAB R et al.: 

Immuno- and constitutive proteasome crystal 
structures reveal differences in substrate and 
inhibitor specificity. Cell 2012; 148: 727-38.

  2. ADAMS J, PALOMBELLA VJ, SAUSVILLE EA 
et al.: Proteasome inhibitors: A novel class  
of potent and effective antitumor agents. 
Cancer Res 1999; 59: 2615-22.

  3. NIEDERMANN G, GEIER E, LUCCHIARI-
HARTZ M, HITZIGER N, RAMSPERGER A, 
EICHMANN K: The specificity of proteas-
omes: impact on MHC class I processing and 
presentation of antigens. Immunol Rev 1999; 
172: 29-48.

  4. BASLER M, LAUER C, BECK U, GROETTRUP 
M: The proteasome inhibitor bortezomib en-
hances the susceptibility to viral infection.     
J Immunol 2009; 183: 6145-50.

  5. CHEN WS, NORBURY CC, CHO YJ, YEWDELL 
JW, BENNINK JR: Immunoproteasomes shape 
immunodominance hierarchies of antiviral 

CD8(+) T cells at the levels of T cell repertoire 
and presentation of viral antigens. J Exp Med 
2001; 193: 1319-26.

  6. BASLER M, YOUHNOVSKI N, Van Den 
BROEK M, PRZYBYLSKI M, GROETTRUP M: 
Immunoproteasomes down-regulate presen-
tation of a subdominant T cell epitope from 
lymphocytic choriomeningitis virus. J Immu-
nol 2004; 173: 3925-34.

  7. BASLER M, MOEBIUS J, ELENICH L, GRO-
ETTRUP M, MONACO JJ: An Altered T Cell 
Repertoire in MECL-1-Deficient Mice. J Im-
munol 2006; 176: 6665-72.

  8. OSTERLOH P, LINKEMANN K, TENZER S et 
al.: Proteasomes shape the repertoire of T 
cells participating in antigen-specific immune 
responses. Proc Natl Acad Sci USA 2006; 
103: 5042-7.

  9. GROETTRUP M, KIRK CJ, BASLER M:          
Proteasomes in immune cells: more than 
peptide producers? Nat Rev Immunol 2010; 
10: 73-8.

10. BASLER M, BECK U, KIRK CJ, GROETTRUP 
M: The antiviral immune response in mice 
devoid of immunoproteasome activity. J Im-
munol 2011; 187: 5548-57.

11. BASLER M, LAUER C, MOEBIUS J et al.: Why 
the structure but not the activity of the immu-
noproteasome subunit low molecular mass 
polypeptide 2 rescues antigen presentation.   
J Immunol 2012; 189: 1868-77.

12. KINCAID EZ, CHE JW, YORK I et al.: Mice 
completely lacking immunoproteasomes 
show major changes in antigen presentation. 
Nat Immunol 2012; 13: 129-35.

13. ZAISS DM, De GRAAF N, SIJTS AJ: The pro-
teasome immunosubunit multicatalytic en-
dopeptidase complex-like 1 is a T-cell-intrin-
sic factor influencing homeostatic expansion. 
Infect Immun 2008; 76: 1207-13.

14. MOEBIUS J, Van Den BROEK M, GROETTRUP 
M, BASLER M: Immunoproteasomes are es-
sential for survival and expansion of T cells 
in virus-infected mice. Eur J Immunol 2010; 
40: 3439-49.

15. MUCHAMUEL T, BASLER M, AUJAY MA et 
al.: A selective inhibitor of the immunopro-
teasome subunit LMP7 blocks cytokine pro-
duction and attenuates progression of experi-
mental arthritis. Nat Med 2009; 15: 781-7.

16. KALIM KW, BASLER M, KIRK CJ, GRO-
ETTRUP M: Immunoproteasome Subunit 
LMP7 Deficiency and Inhibition Suppresses 
Th1 and Th17 but Enhances Regulatory T 
Cell Differentiation. J Immunol 2012.

17. KREMER M, HENN A, KOLB C et al.: Reduced 
immunoproteasome formation and accumu-
lation of immunoproteasomal precursors in 
the brains of lymphocytic choriomeningitis 
virus-infected mice. J Immunol 2010; 185: 
5549-60.

18. BASLER M, MUNDT S, MUCHAMUEL T et al.: 
Inhibition of the immunoproteasome amelio-
rates experimental autoimmune encephalo-
myelitis. EMBO Mol Med 2014; 6: 226-38.

19. BASLER M, DAJEE M, MOLL C, GROETTRUP 
M, KIRK CJ: Prevention of experimental coli-
tis by a selective inhibitor of the immunopro-
teasome. J Immunol 2010; 185: 634-41.

20. FitzPATRICK LR, KHARE V, SMALL JS,     
KOLTUN WA: Dextran sulfate sodium-in-
duced colitis is associated with enhanced 

low molecular mass polypeptide 2 (LMP2) 
expression and is attenuated in LMP2 knock-
out mice. Dig Dis Sci 2006; 51: 1269-76.

21. SCHMIDT N, GONZALEZ E, VISEKRUNA A 
et al.: Targeting the proteasome: partial in-
hibition of the proteasome by bortezomib or 
deletion of the immunosubunit LMP7 attenu-
ates experimental colitis. Gut 2010; 59: 896-
906.

22. ICHIKAWA HT, CONLEY T, MUCHAMUEL T 
et al.: Novel proteasome inhibitors have a 
beneficial effect in murine lupus via the dual 
inhibition of type i interferon and autoanti-
body secreting cells. Arthritis Rheum 2012; 
64: 493-503.

23. NAGAYAMA Y, NAKAHARA M, SHIMAMURA 
M, HORIE I, ARIMA K, ABIRU N: Prophylactic 
and therapeutic efficacies of a selective in-
hibitor of the immunoproteasome for Hashi-
moto‘s thyroiditis, but not for Graves‘ hyper-
thyroidism, in mice. Clin Exp Immunol 2012; 
168: 268-73.

24. HO YK, BARGAGNA-MOHAN P, WEHENKEL 
M, MOHAN R, KIM KB: LMP2-specific inhib-
itors: chemical genetic tools for proteasome 
biology. Chem Biol 2007; 14: 419-30.

25. Van SWIETEN PF, SAMUEL E, HERNANDEZ 
RO et al.: A cell-permeable inhibitor and 
activity-based probe for the caspase-like ac-
tivity of the proteasome. Bioorg Med Chem 
Lett 2007; 17: 3402-5.

26. KUHN DJ, HUNSUCKER SA, CHEN Q, VOOR-
HEES PM, ORLOWSKI M, ORLOWSKI RZ:  
Targeted inhibition of the immunoprotea-
some is a potent strategy against models of 
multiple myeloma that overcomes resistance 
to conventional drugs and nonspecific pro-
teasome inhibitors. Blood 2009; 113: 4667-
76.

27. SINGH AV, BANDI M, AUJAY MA et al.:       
PR-924, a selective inhibitor of the immuno-
proteasome subunit LMP-7, blocks multiple 
myeloma cell growth both in vitro and in 
vivo. Br J Haematol 2011; 152: 155-63.

28. KASAM V, LEE NR, KIM KB, ZHAN CG: Selec-
tive immunoproteasome inhibitors with non-
peptide scaffolds identified from structure-
based virtual screening. Bioorg Med Chem 
Lett 2014; 24: 3614-7.

29. De BRUIN G, HUBER EM, XIN BT et al.: Struc-
ture-based design of beta1i or beta5i specific 
inhibitors of human immunoproteasomes. 
Journal of medicinal chemistry 2014; 57: 
6197-209.

30. KOROLEVA ON, PHAM TH, BOUVIER D et al.: 
Bisbenzimidazole derivatives as potent in-
hibitors of the trypsin-like sites of the immu-
noproteasome core particle. Biochimie 2015; 
108: 94-100.

31. BASLER M, KIRK CJ, GROETTRUP M: The 
immunoproteasome in antigen processing 
and other immunological functions. Curr 
Opin Immunol 2013; 25: 74-80.

32. CONNER EM, BRAND S, DAVIS JM et al.: 
Proteasome inhibition attenuates nitric oxide 
synthase expression, VCAM-1 transcrip-
tion and the development of chronic colitis.           
J Pharmacol Exp Ther 1997; 282: 1615-22.

33. OBENG EA, CARLSON LM, GUTMAN DM, 
HARRINGTON WJ, Jr., LEE KP, BOISE LH: 
Proteasome inhibitors induce a terminal un-
folded protein response in multiple myeloma 



S-79

The immunoproteasome in autoimmune diseases / M. Basler et al.

cells. Blood 2006; 107: 4907-16.
34. NEUBERT K, MEISTER S, MOSER K et al.: 

The proteasome inhibitor bortezomib de-
pletes plasma cells and protects mice with 
lupus-like disease from nephritis. Nat Med 
2008; 14: 748-55.

35. ALEXANDER T, SARFERT R, KLOTSCHE J et 
al.: The proteasome inhibitior bortezomib 
depletes plasma cells and ameliorates clini-
cal manifestations of refractory systemic 
lupus erythematosus. Ann Rheum Dis 2015; 
74: 1474-8.

36. CODARRI L, GYULVESZI G, TOSEVSKI V et 
al.: RORgammat drives production of the 
cytokine GM-CSF in helper T cells, which 
is essential for the effector phase of auto-
immune neuroinflammation. Nat Immunol 
2011; 12: 560-7.

37. El-BEHI M, CIRIC B, DAI H et al.: The en-
cephalitogenicity of T(H)17 cells is depend-
ent on IL-1- and IL-23-induced production 
of the cytokine GM-CSF. Nat Immunol 2011; 
12: 568-75.

38. FRAUSTO RF, CROCKER SJ, EAM B, WHIT-

MIRE JK, WHITTON JL: Myelin oligodendro-
cyte glycoprotein peptide-induced experi-
mental allergic encephalomyelitis and T cell 
responses are unaffected by immunoprotea-
some deficiency. J Neuroimmunol 2007; 192: 
124-33.

39. NATHAN JA, SPINNENHIRN V, SCHMIDTKE 
G, BASLER M, GROETTRUP M, GOLDBERG 
AL: Immuno- and constitutive proteasomes 
do not differ in their abilities to degrade 
ubiquitinated proteins. Cell 2013; 152: 1184-
94.


